Magnesium or certain other divalent metal ions are needed for the adsorption of phage anti-R to its host, a 'rough' strain of Salmonella typhi. In medium containing magnesium ions the infected organisms burst after a latent period of about 20 min. at 37", but when infected organisms are diluted into medium without added divalent metal ions phage growth is considerably inhibited. A rapid increase in phage titre occurs when magnesium ions are added late, i.e. a t some time after the end of the normal latent period, to dilute cultures of phage-infected organisms. During the interval between infection and this late addition of magnesium ions no appreciable numbers of infective intracellular phage were detected after ultrasonic disruption of the organisms. It is concluded that in addition to being an adsorption cofactor, magnesium functions a t some late stage in phage development. Phage anti-R is probably related to OX 174; it consists of particles approximately 30 mp in diameter and the intact phage reacts similarly with formaldehyde.
INTRODUCTION
Many phages require divalent metal ions for growth or fail to act on their specific bacterial hosts in the presence of substances such as sodium citrate and sodium oxalate which bind these ions (see Fildes, Kay & Joklik, 1952) . Phage reproduction may be dependent upon divalent metals in a variety of ways. Some phages are unstable in the free state unless metal ions, particularly calcium, are present (Adams, 1949) ; some are unable to attach to the host in the absence of the ions (Gratia, 1940) , and others need the ions to facilitate the entry of phage nucleic acid (Luria & Steiner, 1954) . Fildes (1954) established that calcium or magnesium ions are needed for the activity of salmonella phage anti-R (A. 59/6SR Felix). The following paper describes further experiments on the divalent metal requirement of this phage, with special reference to the action of Mg++.
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R. G. TUCKER stock cultures being maintained at 4' on slopes of tryptic meat agar and subcultured monthly. M-NaC1 and 2 x 10-3~-Mgso4. Medium B was the chemically defined medium of Kay & Fildes (1950) used at half strength. Before use it was supplemented with 2 x 10-2M-glucose and 0.05 yo (w/v) decalcified peptone (Fildes, 1954) .
Phage. There is some doubt about the precise origin of phage anti-R but it is thought to have been isolated from a patient with paratyphoid A fever. The large size of the plaques formed by the phage suggests that it is very small (Elford & Andrewes, 1932) and this is confirmed by electron micrographs which show that it consists of apparently tailless particles about 30 mp in diameter.
Phage assay. The standard double-layer plate method was used (Adams, 1950) .
The layers consisted of medium A solidified with 2 yo (w/v) agar (Difco) over which a mixture of 2 ml. melted agar medium (medium A containing 1.25 yo, w/v, agar) and 1 ml. host + phage mixture was poured. All phage estimations were done in duplicate.
After overnight incubation at 37" plaques of 5 mm. average diameter were formed. This size limited the number of discrete plaques that could be accommodated on a 9 cm. diameter Petri dish and the usual procedure was to incubate the assay plates a t 37" for 3 hr. and then to remove them to room temperature (about 20") overnight. In this way plaques of 2 mm. average diameter, easily discernible against the bacterial background, were formed. There was a linear relation between numbers of plaques and concentration of phage suspension plated up to about 300 plaques/Petri dish. Preparation of phage suspensions. An initial stock of phage was prepared by three successive single-plaque isolations and inoculation of the last of them into an actively growing culture of Salmonella typhiR4 in medium A which was aerated in shaken 1-shaped tubes (Monod, Cohen-Bazire & Cohn, 1951) at 37". When lysis was completed the cell debris was removed by centrifugation and the supernatant fluid decanted into a screw-capped bottle containing a drop of chloroform. Larger volumes of phage suspension were made by inoculating actively growing cultures of S . typhi R4 at about 108 organisms/ml. in medium A with one-tenth the number of phage. The cultures were aerated vigorously for 3 hr. either in conical flasks attached to a reciprocating mechanical shaker or in rotating flasks (Mitchell, 1949) . The cell debris sedimented by centrifugation at 2000 g retained a considerable amount of phage and this could be partially recovered by suspending the debris in 3.3 x 1 0 -2~-phosphate buffer (10.1 g. Na2HP0,. 12H20 + 0.68 g. KH,P04/1. ; pH 7-6) and shaking for a further hour before again centrifuging a t 2000 g. The supernatant fluids from both centrifugations were pooled and gave phage titres that varied from 2 x lo9 to 1 x W O plaque forming units (pfu)/ml. Higher titre phage stocks (up to 2 x loll pfu/ml.) were made by alternate cycles of low-speed (2000 g) centrifugation and high-speed (105,000 g) centrifugation in a Spinco model L ultracentrifuge using 3.3 x 10-2M-phosphate buffer (pH 7.6) containing 0.01 yo (w/v) serum albumin as the suspending medium.
Measurement of phage adsorption. Fresh cultures of Salmonella typhi R4 grown t A lo9 organisms/ml. in medium A at 37" were centrifuged and the bacteria washed once with 3.3 x 10-2M-phosphate buffer (pH 7.6). Before use the organisms were resuspended in the original culture volume of buffer and further diluted into buffer with or without added divalent metals. After equilibrating 9 ml. bacterial suspenMedia. Medium A contained 1 yo (w/v) peptone (Evans), 7.5 x Role of magnesium in phage multiplication 315 sion a t 37" for 10 min., 1 ml. phage suspension containing about lo6 pfu/ml. was added and rapidly mixed. Samples taken at intervals were diluted 10-fold into icecold 3.3 x 10-2M-phosphate buffer (pH 7.6) and quickly assayed for phage before and after centrifugation at 2000 g to sediment bacteria and adsorbed phage, One-step growth experiments. Nine ml. medium B inoculated with 1 ml. of an overnight culture of Salmonella typhi R 4 in the same medium were aerated in a 1-tube at 37" to give about 1.5 x lo8 organisms/ml. The culture was concentrated bycentrifugation and resuspension of the organisms in 1 ml. of the supernatant fluid. Magnesium sulphate (0.1 ml., 4 x 10-2M-MgS0,) and phage anti-R (0.1 ml. of a suspension containing about 2 x 1010 pfu/ml.) were added and the mixture incubated in stationary culture at 37" for 10 min. At the end of this adsorption period 9 ml.
ice-cold medium B were added and the organisms sedimented in a cooled centrifuge tube. The bacteria were washed once with 10 ml. ice-cold medium, centrifuged, and after resuspension, diluted into medium B at 37". The final dilution was aerated in a 1-tube at 3'7" and assayed for phage at intervals. Compared with one-step growth experiments in which the infected culture was not washed, the latent period was not greatly lengthened by this procedure, provided the time between the addition of ice-cold medium and the final dilution into warmed medium was discounted. The method decreased the free phage to less than 1 O/o of the initial count.
Determination of intracellular phage. The organisms in samples taken during onestep growth experiments were disrupted by one of two methods. The first involved incubation for 90 min. at 37" in a lysing mixture containing 2.5 M-glycine and 1 W 2~-K C N (Kay, 1952) . Preliminary experiments showed that the turbidity of either uninfected or phage anti-R-infected Salmonella typhi R 4 was decreased more than 85% after 2-3 hr. incubation in the lysing mixture at 37O, and that the decrease in titre of a phage suspension maintained for 3 hr. in the mixture a t 37" was no greater than that of a control suspension in buffer incubated similarly.
The second method used ultrasonic vibration (Anderson & Doermann, 1952) . Potassium cyanide to a final concentration of l o -2~ was added to prevent further phage growth and the samples were then treated for 5 min. in a Mullard Ultrasonic Generator, Type E 7590B (Mullard Ltd., London). This period of ultrasonic vibration decreased the viability of a dilute suspension of Salmonella typhi R 4 to 2 yo of the initial count, but periods of ultrasonic treatment as long as 20 min. of dilute phage suspensions did not decrease their titre.
Bacterial counts. The method of Miles & Misra (1938) was used. For routine purposes the number of organisms in a culture was assessed turbidimetrically by using a curve relating counts to the opacities of cultures in medium B in a Hilger ' Spekker '
Spectrophotometry. A Unicam SP 500 Spectrophotometer (Unicam Instruments Ltd., Cambridge) was used with cuvettes of 1 cm. light path.
RESULTS

The stability of phage anti-R
Phage lysates which had been diluted into 3-3 x 10-2iu-phosphate buffer (pH 7.6) and maintained at 37' in unshaken test tubes lost about 20 yo of their initial titre in 90 min. This inactivation was not appreciably diminished by the addition to the
CaCl, ( 5 x 1 0 -4~) or Na citrate (~O-,M) . Some of the diluted phage suspensions showed a delayed inactivation which was best seen a t an elevated temperature (50'). This delay and the inability to obtain phage titres greater than about 1O1O pfu/ml. in multistep lysates, in spite of average burst size of 500 in one-step growth experiments in medium A, suggested that some phage may be masked either by aggregation or by reversible inactivation by material present in the lysates. Even after several cycles of alternate low-speed and high-speed centrifugation the concentrated phage suspension still produced a precipitate when incubated with bacterial antiserum, and flagellar material derived from the host bacterium could be seen in electron micrographs of phage prepared in this way. Whenever possible, concentrated phage preparations treated with bacterial antiserum were used for the subsequent experiments, though there was evidence from the occasional variation in the titre of certain stocks that the cause of the masking was not entirely eliminated by antiserum treatment,
The effect of divalent metal ions on the attachment of phage
anti-R to host bacteria There was no adsorption of phage anti-R to washed suspensions of Salmonella typhi R 4 in 3-3 x 10-2iu-phosphate buffer (pH 7.6) at 37" unless Mg++ or other divalent metal ions were present. In the presence of excess bacteria about 90% of the initial phage input was adsorbed at an exponential rate which was proportional to the concentration of bacteria over the range 2 x lo8 to 8 x 108 organisms/ml.
The variation of the rate of adsorption of phage with Mg++ and other divalent metal ions is shown in Fig. 1 . The rates are calculated on the assumption that the adsorption of phage anti-R behaves as a first order reaction (Ellis & Delbruck, 1939) .
The eflect of divalent metal ions on the stages following attachment
The stage immediately after attachment. The study of the function of divalent metals in the penetration of phage anti-R nucleic acid and in other early stages of the growth cycle was made difficult by the requirement of the metals for adsorption. Puck, Garen & Cline (1951) found with phage T 1 that there were two stages in the adsorption to Escherichia coli and that the second step was inhibited at low temperatures. With the usual method of measuring phage anti-R adsorption there appeared to be very little attachment a t 0" even in the presence of concentrations of Mg++ that were effective at 37". When, however, a comparison is made of the free phage in a host-phage mixture at 0" both before and after dilution it is evident that although attachment occurred at 0' in the presence of Mg++, it was reversible, unlike that at 37" ( Table 1) .
Advantage was taken of the temperature sensitivity of permanent adsorption to determine whether it, like reversible attachment, is cation dependent. If it is, dilution into medium at 37" of dissociable host-phage complexes that had been formed at 0" should result in the elution of phage unless the medium contains added divalent metal ions. The results of this experiment (Table 2) show that transfer to medium not containing added Mg++ but otherwise favourable for phage growth caused bound phage to be released.
Later completed should not affect the subsequent development of the phage. I n onestep growth experiments the removal of Mg++ after as long as 10 min. at 37' had a marked inhibitory effect on the burst size. Compared with the average burst size of about 100 in medium B containing 10-3~-MgS0, there was either a decrease or a t most a very slight increase in plaque-forming centres when phage anti-R infected organisms were diluted into medium B with no added Mg++ (Fig. 2) . Under the latter conditions there was in fact an increase in free phage, probably due to the trace amounts of divalent metals in medium B. The transfer of phage-infected bacteria to medium B supplemented with Na citrate ( 1 0 -2~) caused a decline in the number of plaque forming centres and no increase in free phage. Table 1 . Reversibility of adsorption of phage anti-R at 0' phage anti-R was added t o a suspension of Salmonellatyphi R4in 3.3 x 10-2M-phosphate buffer (pH 7.6) containing 6 x 10-3~-MgS04 and distributed into two tubes; (A) for incubation at 37" (B) for incubation a t 0". After 3 min. and 15 rnin., respectively, two samples were removed from both tubes. One sample was centrifuged immediately and the supernatant fluid diluted in buffer before assay; the other was diluted into ice-cold buffer and assayed after centrifugation a t the times indicated. 
The point of action of divalent metals in the post-adsorptive stage
A culture of Salmonella typhi R 4 in medium B was infected with phage anti-R and after 10 min. was diluted into a 1-tube containing medium B supplemented with 10-3~-MgS0,. This culture was aerated at 37" and at various times samples were diluted 10-fold into tubes of medium B containing 10-3~-Mgso4 and into tubes of medium B containing 10-2M-Na citrate. The phage content of the latter series of tubes was determined immediately and both sets of tubes were assayed after 90 min. incubation at 37". The results (Table 3) show that however late in the growth cycle the infected organisms were transferred to medium deficient in ionized magnesium there was no further increase in phage titre. These results indicated that magnesium ions functioned at some step at the end of the phage development cycle. Further evidence for this came from experiments in which infected bacteria placed in medium B without added Mg++ were transferred at various times beyond the normal Table 3 
. Efect of dilution into medium containing N u citrate on the growth of phage anti-R
A phage-infected culture of Salmonella typhi R 4 was diluted into medium B containing 10-3w-MgS0,andincubated a t 37". Samples were removed a t intervals and diluted 10-fold into tubes of medium B containing 10-2M-Na citrate (Series 1) and into tubes of medium B containing 10-3~-MgS0, (Series 2). Series 1 was assayed immediately and both series were assayed after incubation for 90 min. a t 37". Initial
After 90 min. incubation a t 37" Figure 3 shows that the late addition of Mg++ produces a rapid increase in phage titre. The magnitude of the burst became less the longer the addition of Mg++ was delayed (Fig. 4) . 
The nature of the late metal-dependent step in phage anti-R growth
The only well-recognized stage at the end of the phage-growth cycle is the lytic reaction whereby fully mature phage particles inside the infected host are released into the medium. To ascertain whether or not divalent metals were cofactors for lysis a concentrated culture of Salmonella typhi R 4 was infected with a 10-fold excess of phage anti-R in the presence of 10-3~-MgS0, at 37". After 10 min. the culture was diluted with cold medium B, centrifuged, washed with cold medium and finally resuspended in the initial volume of medium B without added Mg++. Nine ml. of the suspension were added to two 1-tubes, one of which contained 1 ml. 4 x 10-2M-MgS0, and the other 1 ml. water. The tubes were shaken at 37" and opacity readings were taken at intervals. Phage assays were made at the beginning and at the end of the experiment. The results (Fig. 5 ) showed that the decrease in turbidity of the cultures was independent of Mg++, though there was no rise in phage titre unless Mg++ was present. Similar experiments in which the degree of lysis was determined by the amount of ultraviolet-absorbing material released into the supernatant fluid of infected cultures with or without added Mg++ again showed that there was no difference in the degree of cell disruption.
Intracellular growth of phage anti-R
Attempts to show intracellular phage development by glycine + cyanide lysis method (Kay, 1952) were unsuccessful in spite of the good macroscopic lysis pro-
duced when either suspensions of uninfected organisms or those infected with phage anti-R were added to the lysing medium of 2.5 M-glycine + M-KCN. The failure to detect intracellular phage by this method may be due to chelation of divalent metals by the high concentration of glycine (Albert, 1950) . Thus intracellular phage could be shown if samples were added to a mixture of ~(I-~M-KCN + 10-3~-MgS0, but not when added to a mixture of 10-2nll.-KCN+10-2ia-Na citrate. By using ultrasonic vibration to disrupt phage-infected bacteria which had been diluted into medium B with added Mg++ it was possible to show that intracellular phage was formed before the bacteria lysed. In similar experiments in which infected organisms were diluted into medium B without added Mg++ there was little increase in the Both cultures were aerated a t 37". Initial phage titre = 9 x 106/ml. Final phage titre ; without added Mg++ = 106/ml. ; with Mg++ (4 x 1 0 -5~) = 2 x 10*/ml. The relation of phage anti-R to phages 813 and @X 174 The small size of phage anti-R particles suggested that the phage might be related to other small phages e.g. S 13 and @pX 174 and like them contain a characteristic type of nucleic acid (Sinsheimer, 1959) . Concentrated preparations of phage anti-R were treated with host bacterial antiserum and then taken through a further Role of magnesium in phage multiplication 321 cycle of low-speed and high-speed centrifugation. The final suspension of the phage was made in 10-2iu-phosphate buffer (pH 7.0) and contained 4-5 x 10l1 pfu/ml.
The phage was diluted 10-fold into 10-2iv-phosphate buffer containing 1-6 % (w/v) formaldehyde and the absorption spectrum was measured immediately and after 1, 6 and 23 hr. incubation a t 37". The results (Fig. 7) show that treatment with formaldehyde caused an increase in the extinction in the 260 mp region, with a shift in the absorption maximum to a greater wavelength. This reaction is one of the characteristics of single-stranded DNA (Sinsheimer, 1959) . Other investigations (D. Kay, to be published) have shown that the nucleic acid isolated from phage anti-R has a composition which is indicative of single stranded DNA and that the intact phage differs immunologically from phage S 13. 
DISCUSSION
The divalent metal requirement forthegrowthof phage anti-R, a small phage which may contain single-stranded DNA, can be satisfied by magnesium, calcium or strontium ions, and while the effect of Mg++ alone has been investigated in detail the other cations must be presumed to act in a manner that is at least qualitatively the same. The promotion of phage anti-R adsorption by Mgff is similar to the action of divalent cations on many other host-phage systems. Puck, Garen & Cline (1951) measured the attachment of phage T 1 to Escherichia coli B in the presence of different concentrations of alkaline earth metal ions and found that the optimum rate of adsorption was obtained at 5 x 1 0 -4~ irrespective of the metal used. Mag-322 R. G. TUCKER nesium, calcium and strontium ions function equally well as cofactors for the adsorption of phage anti-R to suspensions of Salmonella typhi R 4 in buffer, and the rate of adsorption approaches a maximum a t the highest concentration (10-l~) investigated. The fastest rate of adsorption of phage anti-R is considerably greater than the maximum for phage T 1 (Puck et al. 1951 ; Garen, 1954) but it is not inconsistent with the small size of the phage anti-R particle.
Adsorption at 0" showed that infection by phage anti-R, like that by phage T 1, involves two early reactions, the second of which is temperature-sensitive and leads to the permanent attachment of phage to host bacterium. The need for divalent metal ions for this second step prevented examination of the metal dependence of stages which follow rapidly upon attachment.
Decreasing the concentration of Mg++ in the medium for a period as long as 10min. after adding phage anti-R greatly decreased the burst size and there was evidence for some action of themetal at a late stage of the growth cycle. First, removal of divalent cations by chelation during the rising phase of the burst pevented further increase in the phage titre. Such a result would be expected if Mg++ or the other ions acted as cofactors for lysis. This could not be shown by direct measurement of changes in turbidity or by the estimation of ultraviolet-absorbing material released by infected organisms with or without added divalent cations; but it should be pointed out that the experimental conditions were somewhat different from those used previously and did not produce marked clearing even when divalent metals were present. Secondly, the addition of Mg++ to infected bacteria in low-petal medium a t a time well beyond the end of the normal latent period led to a rapid appearance of infective particles. The speed with which the plaque count increased seems to exclude an action on the multiplication of the phage and the result might also be explained as an action of Mg++ on the lytic process. However, the inability to detect appreciable amounts of intracellular phage in organisms in low-metal medium suggests that the metals do function in some process which either leads to phage maturation or is necessary for the maintenance of intracellular phage in an infective state. Rountree (1955) described a calcium-dependent function occurring late during the growth cycle of certain staphylococcal phages. Although the nature of the function was not determined, it appeared in that case to be connected with intracellular stabilization of the phage rather than lysis, since chelation of the metals did not entirely prevent the subsequent liberation of some phage.
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